Introduction
An important step in the development of the Antarctic "ozone hole" is the formation of polar stratosphedc clouds (PSCs) during the austral winter. The formation of PSCs causes a reduction of water vapor in the lower stratospheric vortex. The first measurements of this dehydration by Kelly et al. [1989] during the airborne Antarctic ozone experiment (AAOE) in 1987 showed a reduction of water vapor from 3. to 4.5 parts per million by volume (ppmv) outside the vortex to values as low as 1.5 ppmv inside. Balloon-borne measurements of frost point temperature by Rosen et al. [1988 Rosen et al. [ , 1991 and Hofmann et al. [1991] showed that the dehydration can persist into October, well beyond the times of minimum temperatures in the lower stratosphere. There have been only few in situ measurements of water vapor in the Antarctic stratospheric vortex to date, and the onset and development of the dehydration have not been from February through October and show the different stages during the formation and completion of the dehydration. The data at South Pole were taken mainly during the austral spring, however, several winter profiles at South Pole complete the picture. This paper includes (1) a brief description of the instrument, (2) a characterization of the temperature development in the lower stratosphere observed over McMurdo, (3) the water vapor profiles prior to the time of dehydration in 1994 at McMurdo, (4) a determination of the beginning of the dehydration, (5) a detailed description of the dehydration mechanism, (6) a discussion of the importance of cold region processing during the period of active dehydration, and (7) a discussion of the period of sustained dehydration.
Instrumentation
The balloon-borne frost point hygrometer similar to the one used in this study was originally developed by Mastenbrook [1968] . It has been used in its present configuration with only minor changes since 1980 [Oltrnans, 1985] . In 1990 a digital interface to the Vaisala RS-80 radiosonde was added.
The instrument is based on a chilled mirror principle and measures the temperature of a mirror, which is controlled such tl•t the mirror maintains a small and constant layer of frost coverage. Under these conditions the mirror temperature equals the frost point temperature of the air passing over the minor. To avoid the problem of temperature drift of the photoelements, a second LED/phototransistor pair is used to determine the temperature drift of the sensing elements. This reference pair is in thermal contact with the sensing elements, and its optical path is direct, not across the mirror. The comparison of the sensing elements with the reference elements compensates the drift of the elements and allows an accurate determination of the frost coverage of the mirror.
The heating element is wound around the mirror stem and is driven by the controller. The gain of this controller is changed during the flight, with a lower setting in the troposphere, and a 15 to 20 times higher setting in the stratosphere. Owing to the high gain of the controller, the frost coverage of the mirror varies by less than 0.1%. The stability of the controller depends strongly on the amount of water vapor in the air. Because of the low stratospheric mixing ratios the formation of a frost layer takes much longer compared to tropospheric values, which are orders of magnitude higher. Therefore the sensitivity of the instrument has to be much higher in the stratosphere, and much smaller changes in the frost layer have to be detected in order to guarantee a proper response to changes in water vapor. However, the evaporation of the frost layer depends mainly on the mirror temperature and is fast in the stratosphere as well as in the troposphere. Therefore the maintenance of a constant frost layer is critical and highly dependent on the altitude and the individual instrument setting. In some cases this causes oscillations of the instrument in one extreme and the insensitivity of the instrument to water in the other extreme. Oscillations commonly occur right after launch in the lowest part of the ascent before the instrument reaches a stable control. Insensitivity and oscillations occur in a short altitude range past the change to the high-gain setting during the ascent. This behavior of the instrument is obvious in the profile and usually occurs during ascent only. Outgassing of water vapor from the balloon envelope and the instrument usually leads to contamination of the stratospheric data during ascent. The magnitude of this problem depends strongly on the solar heating of balloon and instrument and is less important in the dark Antarctic winter. On descent this problem is negligible, except for a very short time after the turn of the balloon. For this reason we rely on descent data only and use ascent data only in those eases where they are confirmed by descent data. To get a good vertical resolution during descent we use valved balloons in which the leakage rate of helium determines the descent velocity.
The accuracy of the instrument depends on several factors, such as thermistor calibration, stability of the controller, measurement error, and digitizing error. The temperature of the mirror is measured by a small bead thermistor, which is installed just below the mirror surface and is in excellent thermal contact with the mirror. The thermistor mounted in the mirror is individually calibrated in the laboratory down to -79øC to an accuracy of better than 0.05øC. Down to temperatures of-93øC, the fit to this calibration is accurate to within 0.2øC, based on a few calibration measurements done to these temperatures. A linear correction applied to this fit below -79øC gives results within 0.05øC over the entire range of measurements [Layton, 1961] . The resistance of the thermistor is then converted into a voltage, digitized, and transmitted via a radiosonde to the receiving station on the ground. The controller usually maintains the mirror temperature within 0.3øC, and the digitizing method creates an error between 0.1 øC at 0øC and 0.02øC at -90øC. The self heating of the thermistor is less than 0.1øC. The radiosonde (Vaisala RS-80) also provides the pressure, temperature, and humidity information. The humidity obtained by a humidity sensitive capacitor is used for comparison purposes only.
The performance is slightly variable from instrument to instrument and depends on the quality of the photoelements and their matching, the mirror, the gain, and several other factors. Overall we estimate the accuracy of the measured frost point temperature to be better than 0.5øC, which translates to less than 10% in stratosphedc water vapor mixing ratio.
Sounding Program
The frost point data presented in this paper were collected in 1994 over McMurdo and between 1990 and 1994 over South Pole. In both places we conducted ozone soundings as well, which will be discussed elsewhere. These soundings were also used to characterize the temperature of the lower stratosphere. The focus of this paper is on the McMurdo data, since for the first time the development of the dehydration was studied in detail Nineteen soundings were launched from McMurdo between February 7 and October 5, 1994, of which 18 gave reliable data. Seven soundings between February 7 and June 13 map the development during the austral summer and fall, prior to dehydration, while 11 soundings between June 19 and October 5 show the development of the dehydration during the winter and early spring. The data from South Pole were mainly taken during the austral spring in the years 1990 to 1994. However, in 1993, soundings were successfully made during the winter as well.
Temperature Development
The dehydration of the lower stratosphere over Antarctica is a direct result of the extremely cold temperatures reached inside the vortex during the dark winter months. As the temperature reaches the saturation level, ice particles begin to form, which setfie out of the stratosphere and thereby remove water from the vortex. The lowest water vapor mixing ratio should therefore be determined by the minimum temperature the air encountered, [Hofmann and Oftroans, 1992] this reaction will be accelerated inside the rehydration layers. However, the rehydration layers are not permanent, since these layers continue to cool beyond the time when the higher layers passed their temperature minimum. Therefore these lower layers will eventually become dehydrated as well, and the temperature minimum will determine the level of dehydration; but because of the temporary increase of water vapor and possibly nitric acid in the rehydration layers, the process of initial particle formation in these layers may be significanfiy different than in the higher layers, which are dehydrated first.
Remote Dehydration
As pointed out earlier, we did not observe saturation over McMurdo until well after the beginning of the dehydration and then only in two soundings and not over an extended period of time. The profile on June 27, 1994, at McMurdo clearly shows that the entire dehydration and rehydration region is not saturated, which makes the presence of ice particles unlikely. We can therefore not explain the observed water vapor profde by local dehydration. However, this dehydration could have happened somewhere else, before the air reached McMurdo. From backtrajectory calculations we can determine the coldest temperature encountered along the trajectory, which in this case was 6 days earlier. If we assume that every particle that formed was removed, then the minimum temperature along the trajectory should determine the level of dehydration within the air parcel. This calculation gives a remarkably good agreement of the minimum saturation mixing ratio along these trajectories and the observed water vapor mixing ratio (Figure 4) . Therefore it is clear that a cold region within the vortex, which covers only a part of the area of the vortex, is sufficient to dehydrate large portions of the vortex and that large-scale saturation is not required to explain large-scale dehydration. From our frost point soundings and synoptic temperature maps we could determine an upper limit for the area, which could produce the observed dehydration. This area usually covers less than 10-25% of the total vortex area and is possibly much smaller if the dehydration is very rapid. Since McMurdo is usually not near the vortex center or the coldest region within the vortex, observations of deep layers of saturation are usually rare.
Although the Arctic stratosphere is usually significantly warmer than the Antarctic stratosphere, this cold region processing may lead to more frequent and deeper dehydration in the Arctic stratosphere than has been assumed so far. However, in situ observations by Ovarlez [1991 Ovarlez [ , 1994 and our group (unpublished) have not shown evidence of significant dehydration over the Arctic. .. I ......... I ......... I ......... I ......... I ......... I ......... I ......... I ......... I .... 
Active Dehydration
The dehydration process is active as long as the minimum temperature has not been reached. This leads to the dehydration/ rehydration signature in the water vapor profiles, which was clearly observed over McMurdo through the end of July ( Figure   5 ). This coincides roughly with the time of the coldest temperature in the upper dehydration region. By this time we also observed the minimum mixing ratio in this altitude region. The lower levels still continue to dehydrate as the temperature in these lower levels continues to drop. Rehydration layers in the 10 to 11 km region were observed through August 15, which was the end of the intensive observation period. The rehydration layer was no longer observed in the September 13 sounding at However, this seemed to have little or no effect on the bulk of the vortex. Therefore the bulk of the vortex appears to be well isolated from its environment throughout the usual ozone hole season.
